Magnetic field properties at the plasma edge in the Dynamic Ergodic Divertor ͑DED͒ for the Torus Experiment for Technology Oriented Research ͑TEXTOR-94͒ ͓Fusion Eng. Des. 37, 337 ͑1997͔͒ have been studied. This is done by using a generalized symplectic mapping method of integration of field line equations. It is shown that by the radial shift of the resonant magnetic surfaces implemented by change of the plasma current ͑or the toroidal field͒ one can strongly vary the plasma edge regimes from the ergodic zone dominated one to the laminar zone dominated regimes in which the field lines with short wall to wall connection lengths are predominant. The embedded in the laminar zone narrow ergodic zones have fractal structures which are investigated in detail. The fractal structures of the magnetic footprints on the divertor plate are also studied.
I. INTRODUCTION
The Torus Experiment for Technology Oriented Research ͑TEXTOR-94͒ device is being opened in 2001 to install the coils for the Dynamic Ergodic Divertor ͑DED͒ ͑see Ref. 1͒ . Similar to the ergodic divertor for Tore Supra ͑see, e.g., Refs. 2-4͒ the main goal of the DED is the control of the plasma edge and the plasma-wall interaction by help of external magnetic field perturbations. The coil set will be located inside the vessel at the high field side ͑HFS͒, allowing a perturbation current to flow helically parallel to the magnetic field lines within the plasma boundary. The superposition of the perturbation field and the equilibrium field of the plasma creates an ergodization of the magnetic field lines at the plasma boundary. This should strongly affect particle transport within the ergodized zone. However, ergodic divertor experiments in Tore Supra have shown that the effect of the resonant perturbation field on particle transport was much stronger than anticipated from the estimations based on the stochastic description of transport processes in the ergodic magnetic field ͑see Refs. 2-4͒. This phenomenon gave evidence of the existence of a so-called laminar zone at the outer region, located between the ergodic zone and the plasma wall. Its main feature is, that the field lines there have shorter connection lengths, only a few poloidal turns from wall to wall, whereas the chaotic field lines in the ergodic zone do have much longer connection lengths.
First modeling efforts of the DED-TEXTOR presented in Refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have shown that the relative radial extensions of the laminar and the ergodic zones at the plasma edge strongly depend on the plasma parameters ͑plasma ␤ pol , the plasma current I p ), as well as on the divertor current. Particularly, it was found that the increase of the divertor current ͑or decrease of ␤ pol ) does not necessarily lead to a growth of field line diffusivity, which is proportional to the particle diffusion coefficient ͑see Refs. 11 and 12͒. Due to its expected effects on the transport in the plasma edge and power load to the wall elements, the structure of the laminar zone has extensively been investigated in Refs. 6,9,10,14-17. To calculate the resulting magnetic field by applying the DED perturbation field, the Gourdon code ͑field line tracing͒ has been used. This code allows one to study the laminar zone as well as the structure of the ergodic zone, but it is not accurate enough to trace field lines a few dozens of toroidal turns and is, therefore, not a convenient way to visualize fractal structures within the perturbed magnetic edge ͑Refs. 5,13͒.
This work is devoted to the study of detailed structures of the laminar zone of the DED of the TEXTOR-94. In particular, we study a variation of the ergodic and the laminar zone induced by shifts of the spatial position of the resonant magnetic surfaces at the plasma edge, a fractal property of the laminar zone. The study is based on asymptotic and mapping methods developed in Refs. 11 and 12 for the models of the circular tokamak plasma and the ideal configuration of the divertor coils. This approach describes well the main features of the external resonant magnetic field and formation of the ergodic zone at the plasma edge obtained by Gourdon code simulations in Ref. 5 . The methods are based, first, on the Hamiltonian formulation of magnetic field line equations and, second, on solving them using a new mapping method that has recently been developed in Refs. 11 and 18. The mapping procedure always conserves the main fluxpreserving property of the magnetic field, unlike the Gourdon code, which violates this property at short distances while integrating the field lines equations in the zone of chaotic field lines using the conventional Adam's integration scheme. The computationally fast and flux-preserving mapping approach allows one to study detailed fine structures of the laminar zone with machine accuracy. Comparing the new approach with the former studies on the laminar zone in Ref.
15, the new model has the capability to uncover and interpret the fractal structures of the laminar zone. However, the new method uses analytical descriptions of the magnetic perturbation and the equilibrium field instead of the highly accurate numerical models used for both in the earlier approach.
One should emphasize that the magnetic field lines in the ergodic divertor device represent an open dynamical system possessing chaotic scattering properties ͑see Refs. 19 However, in the latter publications this property of field lines were not thoroughly investigated which would otherwise have revealed the fine structure of the laminar zone.
The contents of the paper is the following. The models of the plasma and the divertor coils used in the study are described in Sec. II. The Hamiltonian formulation of magnetic field line equations for these models is presented in Sec. III. The main formulas of the recently developed mapping method to integrate Hamiltonian equations are also recalled therein. The structures of the ergodic and the laminar zones are studied in Sec. IV. Particularly, we have investigated the spatial shift of the resonant magnetic surfaces, the change of the ergodic and laminar zones and field line diffusivity by the variation of the plasma current. The fractal structures of the laminar zone and the magnetic footprints on the divertor plate are studied in Sec. V by plotting contour plots of areas of field lines connecting the wall to the wall in different poloidal turns. The results are summarized and discussed in Sec. VI.
II. MODELS FOR THE PLASMA AND THE DIVERTOR COILS
We consider a model of the tokamak plasma equilibrium with nested, circular magnetic surfaces studied in Refs. 29, 11, 12 . Let (r,,) be toroidal coordinates. The equilibrium magnetic field B(r,) is determined by its toroidal,
and poloidal,
components, where I p is the plasma current and I is the current of the magnetic system, ϭr/R 0 (r) is the inverse aspect ratio, R 0 (r) is the position of the center of the magnetic surface with radius r. The Shafranov shift R 0 (r) with respect to the center of the outmost magnetic surface of radius a is ⌬(r)ϭ͓R 0 2 (a)ϩ(⌳ϩ1)(a 2 Ϫr 2 )͔ 
͑3͒
where
The presented model well describes the magnetic equilibrium at the plasma edge.
Divertor coil configuration: As in Refs. 11 and 12 we consider the ideal divertor coil configuration in which 16 identical helical conductors located on the inboard circumference of radius r c and uniformly distributed along the B. The poloidal extension of coils is ⌬ϭ2 c ϭ/5. The current distribution on the coils is taken as I j ϭccI d sin(j/2 ϩt), where j ( jϭ1, . . . ,16) stands for a coil number, cc is the current control factor (0рccр1), I d ϭ15 kA is the maximum possible current, is a rotation frequency of the perturbation field. This current distribution creates magnetic perturbations at the plasma edge with the toroidal mode n ϭ4 possessing a strong radial decay ϳ(r/r c ) m 0 Ϫ1 (m 0 ϭ20).
The divertor target plates are located at rϭr d Ͻr c at the HSF. Tracing field lines are terminated when field lines hit the divertor plate. For the DED of TEXTOR the position of the divertor plates is taken at r d ϭ49 cm.
III. HAMILTONIAN FIELD LINE EQUATIONS
The magnetic structure at the plasma boundary is studied by integrating the field line equations given in Hamiltonian form,
with the poloidal flux H as a Hamiltonian function H ϭ p (*,,), a toroidal flux and an intrinsic poloidal coordinate * as the canonical variables "ϭ(r),* ϭ*(r,)…, and the toroidal angle as an independent time-like variable. ͓In the intrinsic coordinates (*,) field lines on the given magnetic surface ϭconst are straight in the absence of a perturbation, *ϭ 0 *ϩ(Ϫ 0 )/q().͔ For the equilibrium magnetic field ͑1͒, ͑2͒ and the ideal divertor coil configuration the Hamiltonian function H is found in Ref. 11 , and it has the form, 
The parameters ␤ 1 and ␤ 3 are the first and third derivatives of the poloidal angle with respect to the intrinsic angle * taken at the HFS, i.e.,
In Eq. ͑6͒ there are two parameters C and x c determined by fitting the asymptotic formula ͑6͒ with the direct numerical calculations ͑see Ref. 11͒. These parameters weakly depend on the plasma parameter ␤ pol and take values in the interval, 1ϽCϽ1.055, Ϫ0.23Ͻx c ϽϪ0.36.
A. Mapping method of integration of field line equations
The field lines may be studied by direct integration of the Hamiltonian equations ͑4͒. However, it requires rather long computation times. Replacing the Hamiltonian system by a mapping would significantly simplify speed up these calculations.
Below we study the Hamiltonian field line equations using a symplectic mapping procedure. It is a generalization of the new integration method of Hamiltonian systems, recently developed in Refs. 18,11, to smaller integration steps. It is much more accurate than the original scheme, and allows one to consider the cases with moderately high perturbations. In particular, it allowed us to study field lines at the laminar zone of the DED where the perturbation field is sufficiently large, i.e., when the perturbation parameter ⑀ is not small and has the order of ⑀ϳ0.1-0.2. The method is based on a canonical change of variables that eliminates the perturbation during periodic time intervals. This procedure allows one to reduce the continuous Hamiltonian equations to a symplectic mapping. Details of this method will be published elsewhere.
The magnetic perturbation ͑5͒ has an n-fold symmetry along the toroidal axis, i.e., it is a periodical function of the toroidal angle with the period 2/n. We introduce poloidal sections at ϭ k ϭ(2/ns)k (kϭ0,Ϯ1,Ϯ2, . . . ), where sу1 is an integer number. Note that the sections k and kϩns coincide. Let ( k , k ) be intersection points of the field line with the poloidal section ϭ k . We define a forward map as
Similarly, one can define a backward map
͑8͒
Note that the Poincaré map may be obtained by applying the maps ͑7͒, ͑8͒ s times, i.e., (T f ) s . In Refs. 18 and 11 the integration step ⌬ was taken to equal to the period of the perturbation 2/n. Here we construct the symplectic maps for smaller steps ⌬ϭ2/ns (sу1).
The mappings ͑7͒, ͑8͒ are constructed by combining three symplectic maps T Ϫ (), T 0 (Ј,), and T ϩ (). The maps T Ϫ (), T ϩ () perform a canonical change of variables in the Hamiltonian equations. They are implemented by the generating function F( ,*,)ϭ *ϩS( ,*,). In particular, the map T ϩ : ( , *)ϭT ϩ ()(,*) transforms the original variables (,*) to the new ones ( , *) at a fixed value of the toroidal angle , i.e.,
thereby transforming the Hamiltonian ͑5͒ H to a new one H
with no perturbations in a toroidal section k ϽϽ kϩ1 , while the map T Ϫ () creates out the inverse transformation of variables (,*)ϭT Ϫ ()( , *),
‫ץ‬ .
͑11͒
The map T 0 (Ј,): ( Ј, *Ј)ϭT 0 (Ј,)( , *) describes the evolution of the new variables ( , *) in the unperturbed system between and Ј ͑both in the interval
Јϭ , *Јϭ *ϩ
is the safety factor in the new variables. According to ͑9͒, ͑11͒, and ͑12͒ the forward map ͑7͒ may be constructed as a sequence of the maps
͑14͒
Similarly the backward map ͑8͒ may be represented by
͑15͒
The mappings ͑14͒-͑15͒ are invariant with respect to the transformation k↔kϩ1.
B. The generating function
In general the generating function S(,,) satisfies the Hamilton-Jacobi equation
Solving this equation for an arbitrary perturbation parameter ⑀ is a very difficult task. For the small perturbation it may be sought using perturbation theory expansion ͑16͒ and S(,,) taking a series in powers in ⑀ ͑Ref. 18͒. Below we present its solution to first order of ⑀. As was shown in Refs. 11 and 18 the mapping ͑14͒ with such a solution for the generating function S well reproduces the orbits of Hamiltonian equations ͑4͒ obtained by the numerical symplectic integration scheme.
Suppose that the perturbed Hamiltonian has the Fourier expansion ͑5͒, then the generating function S(,,) to the first order of perturbation theory may be written in the form of a Fourier series
with angle-dependent coefficients,
where ͓n/͔ϭ(2kϩ1)/sϪn/, for k ϽϽ kϩ1 , and
The coefficient S m (c) (,) in ͑18͒ is a discontinuous function of at the values ϭ k . At the limit → k Ϯ0 we have
In the next section the symplectic maps ͑14͒-͑15͒ are applied to study the ergodic and laminar zones of the DED. To study Poincaré sections we have chosen the integration step ⌬ equal to the period of the perturbation 2/n. To obtain the laminar plots one needs the higher accuracy of calculation. For this case the integration step ⌬ is taken eight times smaller, i.e., ⌬ϭ2/ns (sϭ8).
IV. STRUCTURES OF THE ERGODIC AND THE LAMINAR ZONES

A. Formation of the ergodic and the laminar zones
The poloidal spectrum H m ͑6͒ of the magnetic perturbation is located near the central poloidal mode m c Ϸm 0 ␤ 1 with the width ⌬mϷ␤ 1 /⌬ ͑see Ref. 11͒. In general m c and ⌬m depend on the plasma parameter ␤ pol as well as on the radial coordinate r. For the standard operational regime (␤ pol ϭ1) the DED perturbation coils are designed to create the ergodic zone at the plasma edge near the magnetic surface qϭ3 located near rϭ43 cm. It is expected that one can obtain the well-developed ergodic zone if m c ϭ12 at the resonant magnetic surfaces q(r mn )ϭm c /nϭ3. Qualitatively, the mechanism to form the ergodic zone at the plasma edge is the following. The resonant magnetic perturbations with ͑6͒ m c Ϫ⌬m/2ϽmϽm c ϩ⌬m/2 generate a chain of islands. At a certain level of the perturbed field the interactions of these islands creates the ergodic zone of field lines at the plasma edge. The structure of the ergodic zone depends not only on the mutual positions of the main resonant magnetic surfaces r mn (m c Ϫ⌬m/2ϽmϽm c ϩ⌬m/2) but also on how close they are to the divertor coils at rϭr c , this is, because of the strong radial dependence of the magnetic perturbation ͑6͒. By outward shift of the main resonant magnetic surfaces r mn one can increase the interaction of resonant islands, and therefore the ergodization level. However, if the perturbation amplitude H m of the outermost resonant magnetic surface r mn is a sufficiently large it creates a bump on the outside of the island whereby it touches the divertor plate. This island dominates over the inner islands and forms the region with the regular behavior of field lines at the plasma edge. This phenomenon is partly responsible for the formation of the laminar zone. Below we study the formation of the ergodic and the laminar zones more rigorously by plotting Poincaré sections and contour plots of field lines with different poloidal turns ͑see Sec. V͒.
B. Variation options of the operational regimes
There are several options to vary the operational regimes of the DED. The first of them is a variation of the divertor current I d , thereby enhancing the degree of ergodization. However, this may not be sufficient to get a sizeable zone of chaotic field lines, especially for the higher ␤ pol у1 ͑see Ref.
12͒. The ergodization level of field lines may be increased by lowering ␤ pol ͑Refs. 11 and 12͒, however, this option is not desirable.
The most convenient way to regulate the degree of ergodization and the width of the ergodic layer is a variation of the radial positions of the main resonant magnetic surfaces rϭr mn , where q(r mn )ϭm/n. The shift rϭr mn with respect to the DED-coils may be accomplished, according to ͑3͒, by varying the plasma current I p or the toroidal magnetic field B t ͑through the main current of the magnetic system I ). At the fixed value of I the positions of the resonant magnetic surfaces r mn increase approximately linearly with the plasma current I p : r mn ϭr mn 0 ϩr mn Ј I p . For the equilibrium plasma parameters aϭ46 cm, R 0 ϭ174 cm, ␤ pol ϭ1.0, the dependencies of r mn on the plasma current I p at the fixed toroidal magnetic field B t ϭ2.25 T ͑solid curves͒ and on the magnetic field B t at the fixed plasma current I p ϭ440 kA ͑dashed curves͒ are shown in Fig. 1 Below we study the variation of the plasma regimes at the different values of the plasma current I p keeping the magnetic field B t fixed. The changes of the plasma regime can be also produced by varying the magnetic field B t at the fixed plasma current. However, one should note that for the two magnetic equilibria 2) ) which have the same resonant magnetic surfaces r mn , the plasma edge will be affected more strongly in the case with the smaller toroidal magnetic field B t ϭmin(B t (1) ,B t
). It is due to the fact that the relative magnetic perturbation ⑀ in the field line Eqs. ͑4͒, ͑5͒ is inversely proportional to the toroidal magnetic field B t .
C. Poincaré sections
We plotted Poincaré sections of field lines by iterating the forward map ͑14͒ for different plasma currents I p . The Poincaré section of field lines at the poloidal plane ϭconst is shown in Fig. 2 for the plasma current I p ϭ480 kA and the maximum divertor current I d ϭ15 kA. Other parameters taken are B t ϭ2.25 T, aϭ46 cm, R 0 ϭ174 cm and ␤ pol ϭ1.0. Figure 2͑a͒ shows the entire poloidal section in the polar coordinate system (,), centered at the center of the last magnetic surface of radius rϭa while the close up view of the plot at the plasma edge is shown in Fig. 2͑b͒ in the (*,r)-plane, where r is a radial distance from the magnetic axis.
The width of the ergodic zone, formed at the plasma boundary, is wider at the HSF than at the low field side ͑LFS͒. From Fig. 2͑b͒ one can see that the magnetic field structure at the plasma boundary may be divided into two distinct zones: the ergodic zone (r LMS ϽrϽr l Ϸ46 cm͒ with well developed chaotic field lines ͑containing embedded islands of regular field lines͒ and the laminar zone (r l Ͻr Ͻr d ϭ49 cm͒ with open field lines connecting to the divertor target on both sides. Here r LMS stands for the last conserved magnetic surface. The ergodic zone is connected with the divertor target plates along narrow chaotic stripes. The large white areas between these chaotic stripes in the laminar zone correspond to the field lines with relatively short connection lengths ͑one or a few poloidal turns͒. ͑They do not appear in a Poincaré plot.͒ The radial distance r l defines the boundary between the ergodic zone and the laminar zone. The widths of the ergodic zone and the laminar zone can be changed by varying the divertor current cc or by shifting the resonant magnetic surface in the radial direction by varying the plasma current I p . Below we consider the effect of the variation of the plasma current on the ergodic and the laminar zones.
At the plasma current I p ϭ480 kA the width of the er- godic zone is relatively large ͑about ⌬rϷ5 cm͒ ͓see Fig.  2͑b͔͒ . The increase of I p shifts outward the positions r mn of the resonant magnetic surfaces. Due to the strong radial dependence of perturbation ͑6͒ the widths of individual islands grow further thereby enhancing their interaction. It leads to a widening of the laminar zone and narrowing of the ergodic zone; this is because of the dominance of the resonant mode being closely located to the divertor coils and by diminishing of the contributions of resonant modes m far from the central mode m 0 ͑6͒. Figure 3 shows the structure of field lines at the plasma boundary for two values of the plasma current: ͑a͒ I p ϭ540 kA; ͑b͒ I p ϭ600 kA. The width of the ergodic zone is substantially decreased ͑approximately from 5 cm to 2 cm͒ when the plasma current is varied from 480 kA to 540 kA, while the width of the laminar zone is increased by only approximately 2 cm ͓compare Figs. 2͑b͒ and 3͑a͔͒. Further increase of I p up to 600 kA leaves a narrow ergodic layer without noticeable change of the width of the laminar zone.
D. Field line diffusion coefficients
The variation of the ergodic and laminar zones may also be studied by the radial field line diffusivity. In order to study the field line diffusion we have calculated by the second-order radial displacement moments,
averaged over a set of field lines with initial angle * being uniformly distributed in the poloidal plane at a fixed minor radius r 0 . Here l is the distance along field lines. In the ergodic zone r 0 (l) typically grows with the distance l up to a certain distance then it converges to a constant value in case field lines are confined in the ergodic zone, or it decreases exponentially when the field lines leave the ergodic zone after reaching the divertor plate. In general, it is not possible to introduce a global diffusion coefficient D ϭ r 0 (l)/2l for the limit l→ϱ within a finite ergodic zone, as it is possible in the unlimited domain. However, in order to estimate the radial stochastic transport rate of field lines, one can introduce a local diffusion coefficient D FL (r 0 ) valid for the initial linear growth of r 0 (l) with l, i.e., r 0 (l) ϭ2D FL (r 0 )l ͑see Ref. 11͒ .
Profiles of D FL (r) are presented in Fig. 4 for the different plasma currents. In the ergodic zone (rϽr l ) D FL grows monotonically up to the boundary of the laminar zone r l then it decreases for rϾr l despite the growing perturbation. The width of the laminar zone also increases with the plasma current I p up to the value of 540 kA. For the higher values of I p Ͼ540 kA the laminar zone stagnates. Similarly D FL in the ergodic zone does also grow with I p up to the same value 540 kA, but for I p Ͼ540 kA it slightly decreases. This de- crease in the diffusion rate within the laminar zone is due to a drastic reduction of the contribution of chaotic field lines to the diffusion process, and dominating the convective field lines ͑connecting the divertor plates with themselves in a few poloidal turns͒ on the transport of heat and particles.
V. FRACTAL STRUCTURE OF THE LAMINAR ZONE
A. Ergodic divertor as an chaotic scattering system
Field lines at the plasma edge with initial coordinates located outside the last invariant magnetic surface eventually leave the plasma region along the torus reaching the wall in both, clockwise and counterclockwise directions ͑expect for those field lines being trapped inside the magnetic islands͒.
In this sense such a system may be viewed as one of chaotic scattering, whereby field lines enter into the plasma edge from the wall and leave when hitting the wall after a certain number toroidal ͑or poloidal͒ turns. Indeed, field lines may enter into ͑or leave͒ the plasma edge only from some thin areas on the wall known as magnetic footprints ͑see Refs. 23,26,27,9͒. The length of these field lines inside the plasma region is very sensitive to their initial coordinates within these areas: a tiny change of the input conditions can produce drastic changes in the length of field lines.
In chaotic scattering systems, a trajectory may leave the system in one of several different ways. The space of initial coordinates corresponding to the various exit ways are separated by a boundary, which may be a fractal ͑Ref. 30͒. The set of initial conditions for which trajectories leave the system in a particular way is called the basin of the particular mode. In the case of the ergodic divertor it is convenient to classify the field lines by the number of poloidal turns, i.e., by the numbers of rotation around the minor cycle. Indeed, the perturbation field of divertor coils are highly localized on the HFS, and field lines enter into the plasma and leave it on this side making almost full poloidal turns. Therefore, the set of initial conditions for which field lines crossing the equatorial plane on the LFS with the same number of times may be referred as the basin of a particular number of poloidal turns N p . Spatial structures of boundaries of basins belonging to the different N p give a fine details of the ergodic and laminar zone which cannot be revealed by Poincaré sections. Below we study such structures of the laminar zone by plotting the contours of N p within the plasma edge and on the divertor plate.
One should note that the contour plots similar to these, called laminar plots, were first introduced in Refs. 6 and 8, where the lengths of field lines were used instead of N p .
B. Basin boundary structure at the plasma edge
In this and the next subsections we study the basin boundary structure at the plasma edge and on the wall, respectively. For the first case, unlike the definition given above, we will refer to the basin as a set of spatial points (*,r) at the given poloidal section ϭconst which are crossed by field lines connecting wall to wall with a particular number of poloidal turns N p . The entire plot showing the boundaries between basins with different numbers of poloidal turns may give more details about the laminar zone than Poincare sections. The procedure to obtain these plots is the following.
At the poloidal plane ϭ 0 the field line with a given initial coordinate (*,r) is traced along the positive direction of by iterating the forward map ͑7͒ and in the negative direction using the backward map ͑8͒ until the field line reaches the divertor plate. Then we determine a fractional number of poloidal turns N pol as the ratio of the total change of the poloidal angle ⌬* to the full circle 2, i.e., N pol ϭ⌬*/2. The values of N pol computed in this way are close to integer numbers although they are not exactly integer. Let N p be the integer number closest to N pol . Areas in the (*,r)-plane with different poloidal turns N p are topologically different. The dependence of N pol on the initial coordinates (*,r) may be best understood from a contour plot with contour lines separating the basins of different poloidal turns N p .
Below we present the basin boundary structure at the laminar zone for two different plasma currents, namely, I p ϭ480 kA and 600 kA. As shown in Sec. IV C in the first case the width of the laminar zone is relatively small, whereas for I p ϭ 600 kA the laminar zone covers almost the full area of the plasma periphery. The basin plot for I p ϭ480 kA is shown in Fig. 5 ; ͑a͒ shows the plot on the LFS, ͑b͒ on the HFS. Similar plots for I p ϭ600 kA are presented in The basin with one poloidal turn has a nonfractal boundary with the private flux zone. But it may have fractal boundaries with the basins corresponding to two and more poloidal turns. For N p у2 there are several topologically different basins related to the same N p . As see from Figs. 5 and 6, the relatively large basins of a few poloidal turns N p р3 at the plasma edge are clearly separated by nonfractal boundaries. But they are alternating with the long dark elongated areas ͑or stripes͒ containing the basins for a few poloidal turns up to very large N p . The increase of the plasma current I p to 600 kA leads not only to a radial expansion of the basins with a few poloidal turns but also to a growth of the number of stripes. In Ref. 15 these stripes have been called ''fingers.'' At the HFS some of these stripes are radially extended toward the wall ͑divertor plate͒.
The structure of the stripes has a complicated fractal nature. In order to study, it we have magnified the area of the stripe with the fine resolution of basins of higher poloidal turns. Figure 7͑a͒ shows a blow up of the yellow rectangle area at the stripe in Fig. 5͑b͒ . Further expansion of the yel-low rectangular region in Fig. 7 is presented in Fig. 7͑b͒ . It shows that the basins at the stripe are highly elongated and the boundaries between them have fractal structure, i.e., the stripes consist of layered basins of different poloidal turns with a self-similar behavior at different spatial scales. As seen, the basins of field lines with a few poloidal turns N p are ''sandwiched'' between basins for field lines with large numbers of poloidal turns N p ӷ1.
C. Magnetic footprints
In order to study the basin boundary structure on the plasma wall we will use the following procedure. We follow a field line which enters into the plasma starting from the wall of radius r d with the given initial coordinate (,) and returns back to the wall after a certain number of poloidal turns N pol . The set of initial conditions (,) with a particular number N pol determines a basin. The whole picture of basin boundaries with N pol у1 on the plasma wall determines a structure known as magnetic footprints. Similar to the stripe at the plasma edge the magnetic footprints have a fractal structure as well. Below we consider the structure of magnetic footprints for the above plasma parameters. They are shown in Fig. 8 for the plasma current I p ϭ480 kA and in Fig. 9 for I p ϭ600 kA, particularly, Fig. 8͑a͒ presents magnetic footprints on the entire poloidal region, and Figs. 8͑b͒ and 9͑a͒ show them on the HFS. Finally Figs. 9͑b͒ and 9͑c͒ show the expanded views of the rectangular regions in Fig.  9͑a͒ , respectively. Because of the four-fold symmetry along the toroidal direction only one quarter of the magnetic footprints are presented.
One can see from Figs. 8 and 9͑a͒ that the field lines can enter into the plasma ͑or hit the wall from the plasma side͒ only along the four pairs of narrow helical stripes. ͑Dark blue areas in figures correspond to the field lines in a private flux zone.͒ The distance between stripes of each pairs depends on the plasma current. It is increased with the plasma current and consistent with the consideration of a helical field divertor studied in Ref. 31 . Each helical stripe has a fractal structure and it consists of layered basins of different poloidal turns ͓see Figs. 9͑b͒ and 9͑c͔͒ . The width of layers is changing along the toroidal direction . The area of the basin with one poloidal turn N pol ϭ1 is the largest. For the higher N pol Ͼ1 corresponding areas of basins are drastically decreased in size. The boundaries between these basins are fractal.
The fine structure of the helical stripes can be revealed by studying the dependence of N pol on the poloidal angle for fixed toroidal angle . Such a dependence of N pol on is described by Cantor-type, fractal curves. It is presented in Fig. 10 for the plasma current I p ϭ600 kA at the fixed toroidal angle ϭ52°. The curve in Fig. 10͑a͒ describes the poloidal section of the whole helical stripe shown in Fig. 9͑c͒ , while the expanded view of the part of the stripe corresponding to the basins of the large number of poloidal turns N pol ӷ1 are shown in Fig. 10͑b͒ . They clearly show areas of field lines connecting wall to wall in one, two, three, and more poloidal turns N pol . These areas are described by almost horizontal steps in the fractal curve. The width of the layer becomes smaller with increasing N pol .
The structure of the helical stripes plays an important role for heat and particle deposition on the divertor plates. Indeed, the basins with N pol ӷ1 correspond to the field lines coming from deep within ergodic zone. These field lines may bring high energetic particles to the wall because the particles predominantly move along field lines. Therefore one can expect that the spatial distribution of power deposition within the helical stripes will depend on the spatial structure of basins with N pol Ͼ1. The cross-field diffusion of particles broadens the spatial distribution of power deposition around the maxima located at the basins corresponding to large number of poloidal turns.
VI. CONCLUSIONS
In summary, we investigated the effect of plasma current variation on the properties of perturbed field lines at the plasma periphery in the DED of TEXTOR. It has been shown that the variation of the plasma current strongly affects the properties of the ergodic and laminar zones. The increase of the plasma current ͑or the decrease of the toroidal magnetic field͒ shifts the radial positions of the main resonant magnetic surfaces outward. Because of the strong radial dependence of the external magnetic perturbations this leads to an increase of the laminar zone with short wall to wall connection lengths of field lines. Variations of the ergodic and laminar zones are also studied by calculating field line diffusivity. In the ergodic zone the field line diffusion coefficients grow monotonically with the radial coordinate, and decrease in the laminar zone. With the increase of the plasma current the radial extend of the growing phase of the diffusion coefficients is narrowed in expense of a widening of their decreasing phase. The laminar zone consists of clearly separated areas of field lines connecting wall to wall in a few poloidal turns and alternating with narrow long stripe-like areas. We have found that those latter areas have a remarkable fractal structure exposing self-similar and layered areas at different spatial scales. In particular, the number of the wall to wall connecting poloidal turns versus the poloidal angle for fixed minor radius is described by a Cantor-type fractal curve. We have also studied magnetic footprints on the divertor plates. The latter consist of four pairs of helical stripes being consistent with the previous studies. It was found that the each helical stripe has a fractal structure dominantly covered by field lines connecting wall to wall in one poloidal turn. Areas hit by field lines in more than two poloidal turns are drastically reduced. Particularly, field lines coming from deep inside the ergodic zone hit the divertor plate along very narrow Cantor-type fractal stripes.
The study shows the spatial shift of the resonant magnetic surfaces allows to study the transition of plasmas from the regime which has ergodic dominated edge to those similar to normal helical divertor structures. FIG. 9 . ͑Color͒ Same as in Fig. 8 but for I p ϭ600 kA. ͑a͒ Close-up view of the HFS; ͑b͒ expanded view of the upper rectangular region on the stripe shown in ͑a͒; ͑c͒ the same of the lower rectangular region. Other parameters are the same as in Fig. 6.   FIG. 10 . ͑a͒ Fractal dependence of N pol on at fixed toroidal angle ϭ52°for the plasma currents I p ϭ600 kA; ͑b͒ expanded view of the basins of the large number of poloidal turns. The other parameters are the same as in Fig. 9 .
